Kale (Brassica oleracea L. Acephala Group) is the rich source of medicinal value sulphur compounds, glucosinolates (GLSs). The aim of this study was to investigate the effect of different proportion of sulphur (S) supplementation levels on the accumulation of GLSs in the leaves of the kale cultivar ('TBC'). High performance liquid chromatography (HPLC) separation method guided to identify and quantify six GSLs including three aliphatic (progoitrin, sinigrin and gluconapin) and three indolyl (glucobrassicin, 4-methoxyglucobrassicin and neoglucobrasscin) respectively. Analysis of these distinct levels of S supplementation revealed that the accumulation of individual and total GLSs was directly proportional to the S concentration. The maximum levels of total GLSs (26.8 mmol/g DW) and glucobrassicin (9.98 mmol/g DW) were found in lower and upper parts of the leaves supplemented with 1 mM and 2 mM S, respectively. Interestingly, aliphatic GSLs were noted predominant in all the parts (50.1, 59.3 and 56% of total GSLs). Among the aliphatic and indolyl GSLs, sinigrin and glucobrassicin account 35.3 and 30.88% of the total GSLs. From this study, it is concluded that supply of S enhance the GSLs accumulation in kale. 
Introduction
Consuming fresh leafy vegetables provide health benefits to humans beyond the advantage of having the processed foods. Vegetables of the Brassica group are mainly consumed as fresh leaves and juice can be conveniently used to meet the recommendations of daily fruits and vegetables (Chun et al., 2013 (Chun et al., , 2018 AlDhabi et al., 2015; Kim et al., 2015) . Fresh leaf and juice of kale (Brassica oleracea var. acephala) commonly consumed in Korea are rich in nutrients such as amino acids, vitamins, minerals, dietary fiber and minerals, as well as of a high variety of phytochemicals, namely carotenoids, glucosinolates (GLs) and phenols (Chung et al., 1993; Perez-Balibrea et al., 2011; Chun et al., 2017; Park et al., 2016) . Among the phytochemicals, glucosinolates (GLSs) have many advantages as it has the ability to influence the human health as pharmaceutical, nutraceutical, or as food product, especially in curing colon cancer and lung cancer (Clarke, 2010; Melchini et al., 2013; Seo et al., 2014; Park et al., 2014a Park et al., , 2014b Park et al., , 2014c Lee et al., 2014 Lee et al., , 2015 Lee et al., , 2016 Fu et al., 2016; Pandey et al., 2017) . GLSs are a diverse group of sulphur-rich anionic secondary metabolites containing the precursor amino acids, methionine, tryptophan and phenylalanine in the structure. The degradation products of GLSs such as isothiocyanates, thiocyanates, nitriles, epithionitriles or oxazolidine-2-thionesknown to have many biological function, particularly, bladder, colon and lung cancer treatment (Cartea and Velasco, 2008; Park et al., 2013; Seo et al., 2014; Thavarajah et al., 2016; Armesto et al., 2017; Biegań ska-Marecik et al., 2017) .
Kale is a biannual crop, and is an important vegetable belonging to the Brassica family, which has been distributed commonly in the Europe and the United states, whereas, in the recent years, it has been cultivated in Korea, China and Japan. The bolting stem part of the kale is commonly consumed, because the textures of bolting stem are tender and crisp and the flavor is attractive. GLSs contain both nitrogen (N) and sulphur (S) and therefore their concentrations in vegetables are influenced by the addition of N and S fertilizer (Falk et al., 2007; Groenbaek et al., 2016) . The content of GSL is affected by several environmental factors such as temperature, light, soil type and fertilizer applications (Cartea and Velasco, 2008) . Increasing nitrogen (N) tends to decrease the total GSL content in different Brassica crops (Chen et al., 2006; Li et al., 2007; Groenbaek et al., 2016) , however the influence of N and S on GSL content in Brassicaceae family has been widely studied (Rangkadilok et al., 2004; Falk et al., 2007) . Therefore, the objective of this study was to examine the effect of S on GSL concentration in kale to enhance their nutritional and health-promoting properties.
Materials and methods

Chemicals
HPLC grade-acetonitrile (CH 3 CN) and methanol (CH 3 OH) were obtained from J.T. Baker Chemical Co. (Phillipsburg, NJ, USA). DEAE-Sephadex A-25, sinigrin (2-propenyl GSL) and aryl sulfatase (type H-1, EC 3.1.6.1) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Plant materials and culture conditions
Kale seeds 'TBC' was purchased from the Asia seed Company (Seoul, Republic of Korea). The seeds were sown in 72 hole-plug tray with bed soil by spraying water intermittently on February 20, 2014. The plantlets were transplanted to a port (23 Â 23 Â 18 cm) containing vermiculite (ca. 500 g) after 5 weeks (33 days after sowing, DAS). The plants were grown in a greenhouse at Chungnam National University. The average temperature, quantity of light, relative humidity is each 17.0°C, 344.4 mmol m À2 s
À1
and 66.0% respectively. After one week (34 DAS), each kale was initially treated with different 1/8 N-P-K (10-1-5) millimolar (mM) concentrations. From 40 DAS, every two days interval, kale was treated with nutrient solution consisted of 0.0, 0.5, 1.0 and 2.0 mM sulphur (S) till 68 DAS (Table 1) . After 68 DAS (April 29), the leaves were harvested and divided into three groups according to upper, middle and lower portions from the ground. And then, they were measured the length and fresh weight. The leaves were freeze-dried at À70°C in a freeze dried for three days, measured the dry weight, powdered using mortar and pestle and stored at desiccator until chemical analysis.
Extraction of crude glucosinolates (GSLs) and their desulfation
Desulfo (DS) -GSLs were extracted according to the procedure of Kim et al. (2007) and ISO 9167-1 (1992) . Briefly, crude GSLs from freeze-dried materials (100 mg) were extracted with 1.5 ml of 70% (v/v) boiling methanol in water bath at 70°C for 5 min. After centrifugation (12,000g, 4°C, 10 min), the supernatant was immediately transferred to a clean test tube, and the residue was further re-extracted twice to complete extraction of GSLs. The combined supernatant was considered as the crude of GSLs. Separately 0.5 mg of sinigrin was dissolved in 5 ml ultra-pure water which used as an external standard (0.001792 mmol). Desulfation of the crude extracts were performed on a Sephadex A-25 DEAE (ca. 40 mg as dry matrix) column previously activated as [H] + form with 0.5 M sodium acetate. Desulfation of sinigrin (external standard) was also carried out separately as the same process. The crude GSL extracts were loaded onto a pre-equilibrated column, and the column was then washed with 1 ml (Â3 times) of ultrapure water to remove neutral and positive ions. After loading of aryl sulfatase (E.C.3.1.6.1) (75 ml), the desulfation reaction was performed overnight (16-18 h) at room temperature. The desulfated GSLs were eluted with 0.5 ml (Â3 times) of ultra-pure water. The eluates were filtered through 0.45 mm Teflon PTFE syringe filter and analyzed immediately by HPLC or stored at À20°C until further chemical analysis.
Separation and identification of glucosinolates
DS-GSLs were analyzed by 1200 series HPLC system (Agilent Technologies, CA, USA) equipped with an Inertsil ODS-3 (C18) column 150 Â 3.0 mm i.d., particle size 3 mm (GL Science, Tokyo, Japan). The HPLC analysis was carried out with a flow rate of 1.0 ml/min at a column oven temperature of 40°C and a wavelength of 227 nm. The solvent system employed was (A) ultrapure water (PURELAB Option-Q, ELGA) and (B) 100% acetonitrile. The solvent program was used as follows: 0 min to 2 min solvent B 0%, 7 min solvent B 10%, then kept constant at solvent B 31% for 16-19 min, and then kept constant at solvent B 0% for 10 min (total 40 min). The individual GSLs were quantified with the external standard sinigrin with their HPLC area and response factors (ISO 9167-1, 1992) . For the identification of the individual GSLs, the MS analysis was carried out with an ESI interface operated in the positive ion mode. The MS operating conditions were as follows: ion spray voltage, 5.5 kV; curtain gas (20 Pa), nebulizing gas (50 Pa) and heating gas (50 Pa), high purity nitrogen (N 2 ); heating gas temperature, 550°C; spectra range, m/z 100-800 (scan time 4.8 s). In this study, all the samples were designated as GSLs even though DS-GSLs were determined.
Results and discussion
Effect of sulphur supplementation on plant growth
From the data presented in Table 2 , it is clear that the fresh and dry weight of kale leaves was comparatively increased as a result of the supplementation of different levels of S treatment. The fresh weight of an upper and middle leaf was increased by 84% and 157% in 2.0 mM S and by 66% and 150% in dry weight by the application in 2.0 mM S, respectively. These results are slightly similar to Zaki et al. (2009) and Bimova and Pokluda (2009) , who obtained the Brassica plant (broccoli and cabbage) growth by the supplementation of N and S. 
Identification of glucosinolates
High performance liquid chromatography (HPLC) analyses of kale are shown in Fig. 1 . Six GSLs including three aliphatic GSLs (progoitrin, sinigrin and gluconapin) and three indolyl GSLs (glucobrassicin, 4-methoxyglucobrassicin and neoglucobrasscin) were eluted and separated individually in HPLC chromatogram based on the retention time (Table 2) . Each peaks and retention time were coincided with the previous report (Lee et al., 2014) . With respect to the sinigrin response factors, the identified GSLs response factors were varied 5.8 fold.
The total GSL content ranged from 1.04 to 26.8 mmol/g DW (mean 14.27) ( Table 3 ). The results revealed that the addition of various concentrations of S solution exhibited comparative differences in the GSL contents occurred among the upper, middle and lower portions of kale. The aliphatic GSLs were predominant, representing average 63% and 67.5% of the total GSL content, in the upper and middle portion of kale supplemented with 5 mM S, whereas, at 2 mM concentration aliphatic GSLs were noted as 50.1, 59.3 and 56% of upper, middle and lower portions, respectively. Among the aliphatic GSL, sinigrin detected as the predominant (mean 3.12 mmol/g DW) and contributed 35.35% of total GSLs and 67% of the total aliphatic GSLs. At 0.5 mM concentration of S, individual and total GSLs contents were comparatively less, clearly suggested that 0.5 mM concentration did not enhance the accumulation of GSLs. Closer observation of the results revealed that the accumulation of total GSLs were directly proportional to the concentration of S addition. The total GSLs in upper portion were 10.59, 12.9 and 26.8 mmol/g DW, in middle portion were 4.02, 6.58 and 12.63 mmol/g DW and in the lower portion were 1.02, 2.62 and 3.53 mmol/g DW, respectively at 0.5, 1.0 and 2 mM S addition. Schonhof et al. (2007) and Vallejo et al. (2003) reported that the addition of S ranging from 0.075 to 0.6 gram/plant increase the total and individual GSLs in Brassica plants. The present investigation showed that 1 mM and 2 mM S were optimum for the synthesis of GSLs in kale. Interestingly indolyl GSLs detected in the range of 1.27-13.35 mmol/g DW and shared <30% of the total GSLs and glucobrassicin documented the highest (0.45-9.9 mmol/g DW), whereas 4-methoxyglucobrassicin and neoglucobrasscin contributed a mean less than 30% of the total indolyl GSLs content, similarly, Kim et al. (2002) that S application relatively increased the indolyl GSLs in turnip and Rangkadilok et al. (2004) reported the increased concentration gypsum enhanced the total and indolyl GSLs in broccoli. In general, glucobrassicin was higher in Brassica vegetables (Zhang and Talalay, 1994 ) (see Table 4 ).
In conclusion, different ratio of S supply enhanced the aliphatic GSL and total GSL contents in kale. Increasing levels of S proportional to the synthesis of GSLs concluded the role of S fertilizers and GSL profiles in young plant foods (kale). Sulphur fertilizers are applied to kale to enhance the anticancer phytochemicals yield when soil nutrients are limiting.
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